Abstract -the temperature of particles, heated by radiation, has been investigated using laser-induced phosphorescence. The particles were fluidised using an optically-accessible fluidised bed system, while the radiation was supplied by a solid state solar thermal simulator operated at ~915 nm. When the flux and the irradiation time was set at 19.7MW/m 2 , the maximum particle's temperature and the average particle's temperature over 250s were 650 C and 123 C respectively.
Introduction
Many industrial and scientific applications rely on heat transfer within particle-laden flows. Therefore, it is important to develop techniques to enable a more comprehensive understanding of the parameters that control heat transfer in twophase flows. In particular, the temperature change in moving particles subjected to radiative heating within a turbulent flow field has proven to be a key interest in the field as it not only will aid the development of the particle receiver technology, but also help in the improvement of process efficiencies of all applications utilising radiatively heated particles.
Over the past few decades, many studies have been performed to obtain a more comprehensive understanding of the gas-phase heat transfer in two-phase flows [1] [2] [3] [4] [5] . However, there are very little temperature measurement techniques that allows for the direct measurement of micro-meter particles in real time. This is because the in-situ measurement of moving particles is challenging and requires a technique that is highly sensitive. Recently, laser diagnostics have proven their potential to meet these criteria where they offers non-intrusive, spatially and temporally resolved measurements. In particular, laser-induced phosphorescence (LIP), which utilises temperature-dependent properties of thermophosphors offers the prospective of measuring particle temperatures directly. Previous studies from Abram et.al. [1] and Jovicic et.al. [6] have reported good accuracy while utilising the LIP technique, with errors as low as 5%.
Since the measurement of particles have a highly sensitive nature, a high flux, well-characterised heat source is desirable to minimise the unknown variables. That is, the heat source should provide enough heat such that the temperature of the particles would need to be significantly differentiable from the gas temperature during the short residence time particles within an unsteady two-phase flow would remain in the heating region. Lasers are known to be well-characterised and have the ability to provide high-flux radiation, as reported by Alwahabi et.al. [7] . The Solid-State Solar Thermal Simulator (SSSTS) generates the opportunity to establish a system that can provide in-situ measurements of temperature under conditions in which the heat transfer between the gas phase and particle phase is significant.
This paper aims to demonstrate the measurement of a non-intrusive, temporally resolved direct measurement of particles in an unsteady flow radiatively heated by well-characterised heat source. Additionally, it aims to demonstrate the role of attenuated heat in particle heat transfer.
Experiment
Three main sections comprised the experiment -a laser-induced phosphorescence (LIP) system for temperature measurement, a fluidised bed with optical access that generates unsteady flow of particles, and a controllable Solid-State Solar Thermal Simulator (SSSTS). A calibration experiment was also conducted prior to the experiment.
The particles were transported using an optically-accessible fluidised bed as shown in Figure 1 . The fluidised bed has four circular apertures, aligned to allow to the lasers beam to pass through the axis of the reactor, and two measurement systems to be aligned perpendicular to the laser beams on either side of the reactor. To generate a uniform flow of fluidising gas, dry air supplied externally were channelled through two inlets and transported via layers of glass beads, followed by a sintered plate. In this case, dry air was used as the fluidising gas to avoid humidity and minimise agglomeration in the fluidised bed. A flow controller (Alicat Scientific, MC 20slpm) was used to maintain a constant airflow of 6.5 L/min. The outlet from the top of the fluidised bed was connected to an exhaust line to ensure stable air pressure and to remove any elutriated particles from the laboratory. The Solid-State Solar Thermal Simulator (SSSTS) is a system that generates a focussed beam that converges to a waist of 10.5mm diameter and is capable of generating flux of up to 36.6MW/m 2 [7] . Importantly, the SSSTS waist spans a length of 20mm, the beam profile of which is constant throughout the waist length. This ensures an even heating region in the region of measurement in the fluidised bed. A K-type thermocouple is placed at the surface of its Fiber-optic Head (FOH) to monitor its temperature and ensure it does not exceed 50°C. Fig. 2 shows the experimental setup of the present analysis. A third harmonic of the Nd:YAG (Quantel Q-smart 850) laser operated at 10.27 ± 0.47mJ and 355nm was directed into a fluidised bed chamber to excite the TPs. Its laser beam path is offset from that of the SSSTS by 7°, the intercept of which was aligned such that it occurs at the centre of the fluidised bed. The phosphorescence emission signals emitted by excited particles were collected by a spectrometer via a two-lens light-collecting channel directed to a fibre bundle (Thorlabs, BFL200HS02). The resolved spectra were then recorded using an ICCD camera (Princeton Instruments-Max4). Additionally, a UV silica plate was placed 300mm away from the front of the FOH of the SSTS to split the irradiation beam into a 92:8 ratio. Both beams were then directed to water-cooled power meters (Gentec model HP100A-4KW-HE) that provided real-time power measurements at a sample frequency of 10HZ, as well as acted as beam dumps. Comparison of both power meter readings provide information about attenuation of heat flux by the particles, which indicates particle mass loading within the system. To relate the phosphorescence emission collected to temperature, a calibration experiment was done. The setup of temperature calibration experiment is similar to that described above, with the exception that instead of a fluidised bed, a plate coated with thermophosphors (TPs) and placed inside an oven (MTI Corporation, OTF-1200X-S) was used, as seen in Fig. 3 . The temperature of the TP-coated plate was controlled electrically by an oven controller, as seen in Fig. 3 . A Ktype thermocouple was placed directly on the plate to measure the temperature of the plate in-situ. 
Results and Discussion
To select an appropriate TP for the current experiment, it is important to take into consideration the operating temperature and decaying lifetimes of the TPs as different TPs exhibits different properties based on these parameters. Thus, calculations based on a simple first-order heat transfer model was performed and parameters as closely matching the experiment as possible. It was found that the expected temperature range would be < 627°C. Hence, the ZnO:Zn TP was selected due to its highly sensitive nature within this temperature range [8] . However, during initial investigations, it was found that ZnO:Zn TPs had a tendency to agglomerate. As such, the ZnO:Zn TPs were mixed together with CaSO 4 ·2H 2 O particles with a volume ratio of 4:1 within the fluidised bed. The ZnO:Zn particles have a size distribution of 2µm-50µm, while the CaSO 4 ·2H 2 O particles have a size distribution of 100µm-200µm. The larger CaSO 4 ·2H 2 O particles promoted particle fluidisation by tending to break up any agglomerated particles of ZnO:Zn. However, only the ZnO:Zn TPs emit a phosphorescence signal when excited at the excitation wavelength of 355nm and exhibits thermo-phosphorescent properties which allows for temperature measurements.
Temperature Calibration
During the temperature calibration, 45 different temperatures were investigated ranging from 23°C to 423°C. At each temperature condition, the plate was allowed to reach thermal equilibrium, measured by the attached thermocouple, before the phosphorescence emissions were collected. The recorded spectra could then be visually compared, where a shift in the spectra with respect to wavelength is an indication of temperature sensitivity. Fig. 4 presents the normalised phosphorescence emission relative to wavelength at T =35°C, 103°C, 203°C and 300°C taken for the calibration experiment. It should be noted that although 45 different temperature conditions were investigated between 23°C and 425°C, only 4 are presented for clarity. A clear right shift in the peak wavelength position can be observed with increased temperature, demonstrating good sensitivity of ZnO:Zn to temperature throughout the recorded temperature range. To relate the measured phosphorescent emission intensity to temperature, intensity ratio, (1)
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where the wavelength regions were chosen such that it would allow for a maximum sensitivity at the bandwidth of commercially-available filters for future experimental purposes. The resulting 
Real Time Particle Temperature Measurement
To demonstrate the real time direct measurement of particle temperatures in turbulent flow, radiatively heated ZnO:Zn particles within a fluidised bed by the SSSTS were investigated. Here, the particles were heated at various irradiation fluxes, Ф, between 2.1MW/m 2 and 19.7 MW/m 2 . 800 measurements over 340s were collected for each Ф, where the first 30s were of the particles at room temperature, followed by 250s of the SSSTS being switched on, and 60s of it being switched off. This is to aid in the investigation of the TP heat and cooling rates. After each measurement, and before the next, the particles in the fluidised bed were replenished and the system was allowed to cool to room temperature. Recorded phosphorescence emissions were then processed with in-house Matlab codes to infer 425 390 and subsequently particle temperatures. Fig. 6 presents the effect of Ф on (a) average particle temperature, ∆ ̅̅̅ , and (b) maximum particle temperature, T p,max , for Ф between the range of 2.1MW/m 2 and 19.7MW/m 2 . Here, ∆ ̅̅̅ is the average temperature of particles within the 250s that the SSSTS is switched on, while T p,max is the instantaneous maximum temperature measured. It was found that ∆ ̅̅̅ and T p,max varied significantly from one another. For instance, when Ф was set to 19.7MW/m 2 , ∆ ̅̅̅ was 123C, while T p,max was measured at 650 C. An explanation for the large difference in ∆ ̅̅̅ and T p,max is that particle mass loading within the fluidised bed plays a role in influencing particle temperatures (It should be noted that given the unsteady and turbulent nature of the fluidised bed, particle mass loading within the measurement section varies significantly from shot-to-shot). During the investigation, the TP temperatures were observed to rise almost instantaneously as the SSSTS was switched on, essentially demonstrating heating rates in the order of 23,000°C/s at Ф = 21.1 MW/m 2 . As it can be seen, as Ф was increased from 1.85 MW/m 2 to 13.11 MW/m 2 , the probability of T p reaching higher temperature increases consistently. However, the probability of T p measured at high temperature is observed to decrease when Ф is further increased to 13.86 MW/m 2 . This is consistent with the trends presented in Fig. 6 where a decreased in ∆ ̅̅̅ and T p,max were seen for Ф more than 13.11MW/m 2 . This indicates a dependence of T p on particle mass loading in addition Ф. In order to better study the effects of heat transfer in particle-laden flow, a system that allows for good control of the particle mass loading, as well as welldefined flow filed is needed for future investigations. 
Conclusion
Real-time direct measurement of ZnO:Zn particles temperatures has been demonstrated where particles in an opticallyaccessible fluidised bed were heated using a state-of-the-art solid-state solar thermal simulator (SSSTS) using laserinduced phosphorescence technique (LIP). This is done using a fibre-optical coupling to collect the phosphorescence. It was found that for the irradiation flux of 19.7MW/m 2 , a maximum particle temperature and average particle temperature measured in the unsteady fluid flow were 650 C and 123 C respectively. Particle mass loading, in addition to residence time and irradiation flux, were observed to play an important role in which particle temperature respond.
